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; Abstract 

' Doubly charged Higgs bosons are predicted in many new physics models with an extended Higgs sector 

that contains a Higgs triplet field. Current experimental searches have been focusing mainly on the scenario 
in which the same-sign dilepton decay modes are the dominant ones. We study the scenario where the 
vacuum expectation value of the triplet field is sufficiently large so that the associated charged Higgs bosons 
decay dominantly to a pair of weak gauge bosons instead. A detailed simulation of the signal and the 
backgrounds is performed for the CERN Large Hadron Collider at the collision energy of 8 TeV and 14 TcV. 



We find that different cuts should be imposed for the events, depending on whether the doubly charged 



Higgs boson mass is greater than about 200 GeV. In the higher mass region, the forward jet tagging proves 
(]_) \ to be useful in enhancing the signal significance. We show the discovery reach of the LHC running at 8 and 

• 14 TeV, with two benchmark triplet vacuum expectation values. With an integrated luminosity of 10 fb~^ 

at 8 TeV, the doubly charged Higgs boson with a mass of ^ 180 GeV can be tested at 5a level in such a 
scenario. 
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I. INTRODUCTION 



The observation of neutrino masses and mixing is well established in the past decade or so [ij- 
However, the absolute scale of neutrino masses is still uncertain, and the pattern of neutrino 
mixing angles is also a mystery in the today's elementary particle physics. The smallness of 
neutrino masses may be related to whether the neutrinos are Dirac or Majorana fermions. The 
fact that the neutrino mixing can be approximated by the tri-bi-maximal mixing 0| may suggest 
some underlying structure such as flavor symmetry [71]. 

In the standard model (SM), neutrinos are assumed to be massless due to the absence of right- 
handed neutrinos. In order to explain the tiny neutrino masses, many mass generation mechanisms 
have been proposed in the literature [s- 13|. Upon introducing right-handed neutrinos, one can have 
Dirac mass terms for neutrinos. However, neutrinos have unnaturally small masses as compared 
to the other SM fermions. Therefore, one may expect that neutrinos are in fact Majorana particles 
and that their masses are generated from a different origin [s-lS] than the other SM fermions. 
There are three possibilities to generate the Majorana mass for neutrinos if one is allowed to 
introduce only one type of new particles at a time. They are generally dubbed Type-I, -II, and 
-III seesaw mechanisms in which the SM is added with SU{2)l singlet fermions @], triplet scalar 
bosons 0], and triplet fermions 10], respectively. The Majorana mass term thus generated involves 
a dimension-5 operator and is thus suppressed by some dimensionful parameter in the model. 

The Type-II seesaw mechanism is often called the Higgs triplet model (HTM), where the neu- 
trino masses are generated by the vacuum expectation value (VEV) of the neutral component of a 
complex Higgs triplet field 0] . An important feature of the HTM is that the neutrino mass matrix 
is directly related to the Yukawa coupling matrix of the Higgs triplet field. Another characteristic 
feature of the model is the existence of a doubly charged Higgs boson. In a good portion of the 
triplet VEV range, the particle decays dominantly into a pair of same-sign leptons, leading to 
distinctive signatures at hadron colliders. Moreover, such leptonic decays may involve flavor viola- 
tion and have different branching ratio patterns, depending on the triplet VEV, Majorana phases, 
and the neutrino mass spectrum [IJ]. Thus, a detailed study of the leptonic decays of the doubly 
charged Higgs boson may provide useful information on the neutrino mass matrix [3], giving us a 
possibility to reveal the nature of neutrinos through collider studies [16|] . 

The doubly charged Higgs boson has been searched for at the Tevatron [13] and the CERN 
Large Hadron Collider (LHC) [18|]. In the experimental analyses, it is generally assumed that 
the doubly charged Higgs boson dominantly decays into same-sign lepton pairs with the same 
or different flavors. Lower mass bounds are then set by further assuming specific leptonic decay 
patterns. Besides such a scenario, we find no other mass bound available from hadron colliders 
otherwise. The precision measurements of the Z boson decay width at the LEP have constrained 
the doubly charged Higgs boson mass to be above 77^^/2 [l^. ^ 

In this paper, we study the scenario where the triplet VEV is sufficiently large so that the 
charged Higgs bosons decay dominantly into a pair of weak gauge bosons instead. In particular, 
the doubly charged Higgs boson decays to a pair of same-sign W bosons. Even though one still 
looks for same-sign leptons from the W boson decay, this case is more involved because of the 



^ Even at e^e~ colliders, the doubly charged Higgs boson with a mass more than m^jl can be probed by looking 
for the same-sign dilepton signal via H^^ H — >■ Aj + 21 -|-^where one of the doubly charged Higgs boson may 
be off mass shell. 
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missing energy in the final state and suffers from larger SM backgrounds. We perform a detailed 
simulation for both the HTM and the model proposed by Georgi and Machacek [20|. In addition 
to the complex Higgs triplet field, the Georgi-Machack model also contains a real Higgs triplet 
field. While the upper bound on the Higgs triplet VEV in the usual HTM is constrained by the 
p parameter to be less than a few GeV at tree level, the Georgi-Machack model is built in with 
a custodial symmetry such that the triplet VEV can be as large as a few tens of GeV. We thus 
consider the range of the triplet VEV between 1 and a few tens of GeV. One immediate consequence 
of this scenario is larger couplings between the charged Higgs bosons and the weak gauge bosons, 
which in turn lead to different signatures at hadron colliders from the above-mentioned leptonic 
channels. We analyze the phenomenology of such a doubly charged Higgs boson with a mass of 
0(100 GeV) and examine the LHC reach by imposing appropriate cuts. 

The structure of this paper is organized as follows. In Sec. |lTl we brief review the HTM and 
Georgi-Machacek model as well as introduce the framework for later analyses. In Sec. lIIIl we present 
the properties of the doubly charged Higgs boson in the large triplet VEV scenario, including its 
total decay width and cross sections of various channels at the LHC. Sec. lIVI gives details of collider 
simulations of both signal and background events. We divide our analysis of no forward jet tagging 
into high-mass and low-mass regions and discuss the corresponding cuts. In the high-mass region, 
we further propose the use of forward jet tagging to improve the significance of the signal. We 
show various distributions for the collision energy of 8 TeV only, noting that those for 14 TeV 
are qualitatively the same but differ in magnitude. Finally, we show the required luminosity for 
a 5-sigma discovery of the doubly charged Higgs boson for two benchmark triplet VEV's. Our 
findings are summarized in Sec. |Vl 



II. MODELS WITH DOUBLY CHARGED HIGGS BOSONS 



Models with a doubly charged Higgs boson have been introduced some time ago 
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23( 1 . The HTM with the Type-II seesaw mechanism introduces a complex Higgs triplet field which 
contains the doubly charged Higgs boson Q]. One important function of such a field is to give 
tiny Majorana-type masses to neutrinos through the VEV of its neutral component. A two-loop 
radiative seesaw model for neutrinos proposed by Zee and Babu also involves an S'C/(2)-singlet 
doubly charged Higgs boson [T^]. To stabilize the Higgs boson mass, the littlest Higgs model also 
invokes doubly charged Higgs bosons in the enlarged Higgs sector [2ll]. In the left-right symmetric 
model, an SU{2)l triplet scalar is introduced as a partner of the SU{2)ji triplet that breaks the 
left-right symmetry [22]. The doubly charged Higgs boson is also predicted in certain composite 
Higgs models |23l ]. 

The non-zero VEV of the triplet scalar field is basically constrained by the precision measure- 
ment of the electroweak p parameter. In the presence of neutral scalars (p with third-component 



isospin T3 and hypercharge Y, the p parameter is given at tree level by 24 1 



^3(</>) (^3(</>) + 1 



y2 



(1) 



In the minimal HTM, there is an isospin triplet scalar with y = 1 in addition to the SM Higgs 
doublet. The triplet VEV v^{= V2{A^)) is constrained to be less than 4 GeV at the 95% confidence 
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level |25|] \ The mixing between the neutral components of the triplet scalar and the SM Higgs 



field is 0{v\/v'^), where v is the SM Higgs field VEV with ^^v'^ + 2v\ = 246 GeV. The interaction 
of the doubly charged Higgs boson with the W bosons is given by 

/^weak = g^^^+^W^W^' + h.C. , (2) 
where A"'"'^ denotes the doubly charged Higgs boson field and is the negatively charged W 



boson field. The littlest Higgs model [2l| and the left-right symmetric model [24] also satisfy a 



similar bound on the Higgs triplet VEV. In the Zee-Babu model the extra singlets do not 



acquire a VEV, and therefore has no contribution to the electroweak symmetry breaking. In the 



Georgi-Machacek model [20|, the additional real triplet field is required to have the same VEV 



as the complex triplet field, keeping the p parameter unity at tree level. The triplet VEV in this 



model, however, is constrained to be < 55 GeV for m^±± ~ 100 GeV by the Z ^ bb data [271]. 



We note in passing that in fact the upper bound on the triplet VEV has some dependence on the 



doubly charged Higgs boson mass, as shown in Ref. [27|. It can be bigger for larger mass values 



In the HTM, the triplet Higgs field has the leptonic Yukawa interactions given by 

^Yukawa = h^^> Lj Ai a2Lii + h.C, (3) 
where A denotes an SU{2)l complex triplet in the adjoint representation 



AO -A+/V2 

Major ana masses of neutrinos are then generated by the Higgs triplet VEV as {M^)^' = V2h^^,v/\. 
Since the mass scale of neutrinos is expected to be less than 1 eV, the Yukawa coupling constants 
h^gi can be of order one if ~ 1 eV. Such large Yukawa couplings can induce lepton fiavor- violating 
processes. Hence, the combination of the doubly charged Higgs boson mass and the triplet VEV 



(roughly ~ 'm}j±±v/\) can be constrained [2^. In order to satisfy the LEV constraint, either heavy 
triplets or large triplet VEV (or both) is required. In our present study, we take relatively large 
triplet VEV and therefore LEV bounds are negligible. Eor < 10~^ GeV, the doubly charged 



Higgs boson mainly decays into same-sign lepton pairs [29|]. On the other hand, for relatively large 
values of the triplet VEV {e.g., i;a — 5 GeV), the Yukawa coupling constants must be smaller than 
10~^, and the doubly charged Higgs boson predominantly decays into a same-sign W boson pair 



mm,. 



The doubly charged Higgs boson has been directly searched for at the LHC by looking for 
the pair production process pp — )• A"'""'" A and also the associated production with the singly 
charged Higgs boson pp — A^^A^ 0;|3l|. In these analyses, decays of the charged Higgs bosons 
are assumed to be purely le pto nic , and hence the lower mass bound thus obtained depends a lot on 
the leptonic decay pattern [IT], [la] . At any rate, it is obvious that these results are not applicable 
for > 10~^ GeV. In order to constrain the doubly charged Higgs boson in this case, a different 
strategy is required at hadron colliders. 



In a recent study [2^, a one- loop level analysis of the electroweak precision data is performed for the HTM, taking 
Qcm, Gf, rnz and sin^ 6w as the input patameters. They find that the data allow a triplet VEV up to C(lOGeV), 
depending on the mass splitting between the charged Higgs bosons and the doubly charged Higgs boson mass is 
preferably to be less than 200 GeV. 
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FIG. 1: Cross sections of the doubly charged Higgs bosons in various production channels for va = 55 GeV. 
The coUision energy is assumed to be 8 TeV in the left plot and 14 TeV in the right plot. The CTEQ6L PDF's 
arc used. 



III. DOUBLY CHARGED HIGGS BOSONS AT THE LHC 

In this section, we study the production channels and the decays of the doubly charged Higgs 
boson for the scenario where the scalar triplet field acquires a relatively large VEV, v^. With V/\ ~ 
©(GeV) to a few tens of GeV, the weak interaction of the doubly charged Higgs boson in Eq. ^ can 
induce significant effects in hadron collider phenomenology. Hereafter, we denote generic doubly 
and singly charged Higgs bosons by and H^, respectively, in order to distinguish them from 
A^^ and defined in the previous section for the HTM. For simplicity and definiteness, we will 
assume and are degenerate in our simulations. 

In FIG. dl we show the cross sections of various production channels for the doubly charged 
Higgs bosons at the LHC as a function of the mass of H^^. The collision energy is set at 8 



TeV and 14 TeV. The CTEQ6L parton distribution functions (PDF's) [3^ are used. For a relatively 
light doubly charged Higgs boson, scalar pair production processes such as — )• Z/7 — )• H'^'^H 
and pp ^ W ^ H^^H^ give the largest cross sections. Note that these production channels are 
independent of the triplet VEV. On the other hand, for a relatively heavy doubly charged Higgs 
boson, the single production via the same-sign W boson fusion process can be a dominant channel 
when the Higgs triplet VEV is taken to be, for example, 55 GeV, the upper limit in the Georgi- 
Machacek model with mjj±± ~ 100 GeV. The explicit value of mfj±± above which the W boson 
fusion process becomes dominant will shift higher (lower) for a smaller (larger) va- As we will see 
later, this affects our choice of whether to impose the forward jet tagging cut. The cross sections 
are simply proportional to v'^, and decreases more slowly with mjj±± than the other channels. 
The doubly charged Higgs boson can also be radiated off the W boson: pp — )■ — t- H^^W^ . 
These production cross sections are also proportional to v\. In calculating the cross sections, we 
have applied the gauge interactions of the triplet Higgs bosons in Eq. ([2]) for the HTM besides the 
degenerate spectrum of the triplet Higgs bosons. In the Georgi-Machacek model, the additional 
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200 

mu±± (GeV) 

FIG. 2: Partial decay width of H"^"^ W^W^ as a function of mH±±. The computation assumes ~ 55 
GeV, and is done with CalcHEP 3.1 [si. 



singly charged Higgs boson from the real triplet can generally mix with that from the complex 
triplet. When the mixing is maximal, each H^^H^W^ vertex is smaller by a factor of than 
in the HTM. Thus, the H^^H^ production cross sections can be smaller by a factor of 1/2 if one 
of the singly charged Higgs boson is very heavy. We also note that if there is a mass hierarchy 
among the triplet Higgs bosons: mfj±± < m}j± < m^jo, the production cross section can be 

significantly increased 30|, l33|] . Our work serves as a more conservative study. 

Once the doubly charged Higgs bosons are produced, they decay mainly into a pair of same-sign 
W bosons so long as the triplet VEV is at the order of GeV or above. In FIG. [2l we show the 
partial decay width of the doubly charged Higgs boson into a W boson pair as a function of its 
mass. For definiteness, = 55 GeV is taken. For a different value of va, the width can be simply 
scaled with v'j^. For > 10~^ GeV, this partial width is a good approximation to the total width 
of the doubly charged Higgs boson in the HTM. For m^±± below the WW threshold, one or both 
W bosons must be off shell. However, WW is still the main decay mode because the magnitude 
of the leptonic Yukawa interactions is determined by rriu/v^ to be small. Note that if one has the 
mass hierarchy m^±± > mu± > mji^o, the — t- H^W^ decay mode is also relevant 30, 135L A 
study of the decay pattern under such a mass hierarchy is given recently in FIG. 1 of 3C|. 



IV. SIMULATION STUDIES 



A. Framework of event generation and pre-selection 



We here focus on the signals from various doubly charged boson production mechanisms with 
a relatively large triplet VEV, including the scalar pair production, pp — )■ H^'^H ,H^^H^, 



361 ] ■ and the associated production, pp 



the vector boson fusion (VBF) process, pp 
H^^W^. Only one of the doubly charged Higgs bosons in these processes decays to a pair of W 
bosons, each of which then decays leptonically. A pair of same-sign dileptons with relatively large 
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are required in the final state in order to identify the lepton number violating signal. Hereafter, 
the lepton, denoted by £, refers to the electron or muon. Our calculation of H^^ £^i^f] 
includes the chain decay W ^ tv ^ Ivvv. For the VBF signal in particular, the events contain 
large missing pj. and two high-j)^, jets in the forward region. The signal events are generated using 



MadGraph/MadEvent [37], and then passed to PYTHIA [38|] in order to include initial-state radiation 
(ISR) and final-state radiation (FSR) effect. We use the CTEQ6L PDF's and assume the collision 
energy of 8 TeV and 14 TeV. The detector level simulations are carried out with the PGS package 



39|. Two benchmark values, 1 GeV and 55 GeV, are used for the triplet VEV. 

In our simulation studies, we take into account the following background processes: 

• Drell-Yan (DY) background: pp — = e, fj,); 

• Electroweak (EW) background of 0{a*): pp — )■ W^W^jj] 

• QCD background of ©(a^a^): pp — ^ W^W^jj; 

• top quark background: pp — W^tt, W^tt + j; and 

• = W or Z) background: pp — t- VV + nj {n < 2). 

The DY background consists of the leptonic Z decay with leptons from ISR/FSR. The highest 
prp lepton in such events may be mis-identified as the signal coming from the doubly charged Higgs 
boson with a similar mass. However, we expect that the requirement of a sufficiently large pj, for 
the second highest prp lepton of the same sign should be effective in reducing the background. This 
is because the second highest pj, same-sign lepton in the DY background originates from ISR/FSR 
and thus tends to be soft. 

The EW background is generated by the t-channel Z/j exchange in same-sign WW scattering. 
This background process can interfere with the signal process of the s-channel VBF. However, it 
can be reduced by constructing a kinematical variable such as the invariant mass or the cluster 
transverse mass, as the on-shell production of doubly charged Higgs bosons will dominate. 

The QCD background involves color exchange between the initial and final partons, with the 
weak bosons being emitted from these partons. Because of the large QCD activities, the outgoing 
partons are no longer isolated and the background can be rejected by forward jet tagging. 

The top quark background has top quarks in the final state along with a W boson and possibly 
more jets. This process can produce a pair of the same-sign W bosons, one of which comes from the 
top quark decay. This background can also be reduced by the requirement of the high pj, leptons. 
For the VBF signal, these background events can be further reduced by forward jet tagging. 

The VV background from ZW and ZZ production and with one or two jets may produce 
relatively hard same-sign dilepton events. The events can also be reduced by forward jet tagging. 

The signal of cannot be fully reconstructed due to the neutrinos in the final states. In 

the case where is heavy and the VBF process dominates, however, it is useful to consider the 



cluster transverse mass variable [40] of the WW pair, constructed from the dilepton momentum 



and the missing transverse momentum. Explicitly, the cluster transverse mass is defined as 



mHwW) = yuf, + + - Yt + fT\ , (5) 

where Mu is the invariant mass of the two charged leptons, p^^ is the vector sum of their transverse 
momenta, and prp is the missing transverse momentum determined by the negative sum of visible 
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momenta in the transverse direction. The endpoint in the distribution of Mc(WW) corresponds 
to the mass of the doubly charged Higgs boson. 

Throughout this paper, the signal significance is evaluated using 41] 



S = V^[{s + b) ln(l + s/6)-s], (6) 

where s and b denote the numbers of signal and background events, respectively. In the limit of 
s/h <^ 1, it reduces to the simple estimator s/^/b 

We first perform the pre-selection of events with the same-sign dileptons using PGS. In order 
to simulate the detector performance, leptons are required to be isolated and have > 15 GeV 
and 77 < 2.5, where = \ In tan | is the pseudorapidity defined using the scattering angle 6 in the 
laboratory frame. Jets are constructed using the cone algorithm with R = 0.5 and are required to 
have pj, > 20 GeV and rj < 5.0. 

B. Event analysis without forward jet tagging 

If the doubly charged Higgs boson is light, they will be dominantly pair-produced at the LHC. 
Even when the mass of the doubly charged Higgs boson is heavy, the pair production process would 
be dominant for va below a few GeV. In order to extract the signal events from the backgrounds, 
we require same-sign dileptons with high transverse momenta. We first do not impose forward jet 
tagging in the event selection. The mass of the doubly charged Higgs boson is taken to be 90, 150 
and 200 GeV for the low-mass analysis and 200, 300 and 500 GeV for the high-mass analysis. The 
triplet VEV is assumed to be 55 GeV as a reference point in this subsection. A wider parameter 
space will be discussed later. 

For the pair production signal, we expect that one doubly charged Higgs boson decays into the 
same-sign dileptons with neutrinos and the other doubly or singly charged Higgs decays hadron- 
ically through weak gauge bosons. Therefore, we require two same-sign leptons and two or more 
jets with no other high pj, leptons as our pre-selection cut. 

In the following, £1^2 denote the same-sign leptons with the highest and second highest pj,, re- 
spectively. The DY process with ISR/FSR is the biggest background with the same-sign dileptons. 
Since the ISR/FSR leptons are expected to be soft, p^ are mostly small in such events. In FIG. [3l 
we show the pj, distributions for ii (left panel) and £2 (right panel) for signal and background 
events before applying the pj, cuts. It is clearly that the signal events can be readily discriminated 
from the DY background by the pj. cuts for the outgoing leptons. 

1. Low-mass analysis 

We first examine the low-mass region where mjj±± < 200 GeV. The left panel of FIG. [5] shows 
the distributions in AR^^ of the two leptons, defined by AR^^ = ^ (Ar/^^)^ -|- (A^^^)^, where A(/)^^ 
is the angle between the transverse momenta of the two leptons. The right panel shows the 
distribution in the difference of the transverse momenta of the two leptons, Ap^ = \p^ —pj^\. For 
the low-mass signals, the doubly charged Higgs boson should be energetic and thus the outgoing 
leptons tend to be in the same direction. Therefore, the signal events have smaller AR^^ and Ap^. 
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3: The transverse momentum distributions of the highest and the second highest leptons of the same- 
dileptons in the signal events with m^±± = 90, 150, 300 GeV and various SM backgrounds. 
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, 4: Distributions of pre-selected events in AR^^ and Ap^, assuming va = 55 GeV and L = 10 fb ^. 
doubly charged Higgs boson mass mif±± ~ 90, 150, 200 GeV. The bin size for the AR^^ distribution is 



After the pre-selection cut, we employ the following additional selection cuts: 

Ai?^^ < 2.4, 
Ap^rf < 200 GeV, 



(7a) 
(7b) 
(7c) 



M^i < m^±± + 10 GeV, 

for the low-mass analysis. Since the Ap^ cut is correlated with the AR^^ cut, we here take a rather 
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FIG. 5: Distributions of pre-selected events in the invariant mass M^^ before (left) and after (right) the 
selection cuts of Eq. ([7]), assuming ua = 55 GeV and L = 10 fb^^. The doubly charged Higgs boson mass 
mH±± = 90,150,200 GeV. 
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TABLE I: Number of signal and background events left at each stage of cuts in Eq. ([7]), assuming wa = 55 
GeV and L = 10 fb~^. No forward jet tagging is imposed, but more than two jets are required in the 
pre-selection cut. 



loose criterion for the Ap^ cut. 

The invariant mass distributions of pre-selected events before and after the selection cuts of 
Eq. ([7]) are given in the left and right panels of FIG. O respectively. These selection cuts reduce 
the background events with a higher invariant mass. An invariant mass cut can further enhance 
the significance of signals in the case with a lighter doubly charged Higgs boson. In this case, one 
can extract the doubly charged Higgs boson mass by fitting to the entire distribution with sufficient 
statistics. 

The results of the signal/background reduction at each stage of the cuts are summarized in 
TABLE [H We show the expected numbers of events and significance S for an integrated luminosity 
L = 10 fb~^ for each process. Again, all the pair production, the VBF, and the associated 
production processes are taken as the signal events. 

For m^j^j^ < 150 GeV, the requirement of collinearity in the same-sign dileptons in Eqs. ((Taj) 
and ()7bp can reduce the number of background events while keeping most of the signal events, as 
seen in the increase of the significance. For m^±± > 150 GeV, the significance can hardly improve 
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FIG. 6: Distributions of prc-selectcd events in Ai?^^ and A(/)^^, assuming v/\ = 55 GeV and L = 10 fb~^. 
The doubly charged Higgs boson mass m^±± = 200, 300, 500 GeV. The bin size is 0.1 for both distributions. 



or even reduce. We will show later the required luminosity for a 5-sigma discovery as a function of 
the doubly charged Higgs boson mass based on this analysis. 

2. High-mass analysis 

We now consider the region where mfj±± > 200 GeV. In FIG. [6l we show the distribution for 
AR^^ of the two same-sign dileptons (left panel), and that for A0^^, the difference in the azimuthal 
angles (right panel). For the high-mass signals, the doubly charged Higgs boson from the VBF 
process would be produced nearly at rest. The energetic leptons from the weak boson decays follow 
the parent (back-to-back) directions. Therefore, the signal events have relatively large Acj)^^ (close 
to vr). 

After the pre-selection cut, we apply the following additional selection cuts: 

A/^ > 7r/2, (8a) 
Ai^" < 3.5, (8b) 
Mu > m^±±/4, (8c) 

for the high-mass analysis. 

The invariant mass distributions of the pre-selected events with the same-sign dileptons before 
and after the selection cuts in Eq. ([8]) are given in the left and right panels of FIG. [71 respectively. 
Apparently, in the high-mass case, the invariant mass cut cannot enhance the signal significance 
much. Also, it may be difficult to determine the doubly charged Higgs boson mass from the 
invariant mass distribution because of the low statistics. 

The results of the signal/background reduction at each stage of the cuts are summarized in TA- 
BLE [Til assuming an integrated luminosity of 10 fb~^. We again note that all the pair production, 
the VBF, and the associated production processes are taken into account as the signal events. 
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FIG. 7: Distributions of pre-selected events in the invariant mass Mu before (left) and after (right) the 
selection cuts in Eq. ([8]), assuming = 55 GcV and L — IQ fb^^. The doubly charged Higgs boson mass 
mH±± = 200, 300, 500 GeV. 
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TABLE II: Number of signal and background events left at each stage of cuts in Eq. (|8]), assuming = 55 
GeV and i = 10 fb~^ for the LHC running at 8 TcV. No forward jet tagging is imposed, but more than two 
jets are required in the pre-selection cut. 



For m^±± > 300 GeV, the back-to-back cut in Eq. (jSap rejects more background than signal. 
When the mass of the doubly charged Higgs boson increaces, the significance can be better than 
the low mass analysis. We will also give the required luminosity for a 5-sigma discovery in this 
case later. 



C. Event analysis with forward jet tagging 

We next focus on the doubly charged Higgs boson signal from the VBF process, which becomes 
the dominant production mechanism when the triplet VEV is sufficiently large. The signal events 
consist of same-sign dileptons with two high-p^ jets in the forward region. As shown in FIG. [H 
the VBF process becomes most important for a heavier doubly charged Higgs boson. Therefore, 
we consider = 55 GeV and mH±± = 150, 300 and 500 GeV as examples in this subsection. 

We again demand the same-sign dileptons and two or more jets with no other high pj, leptons as 
the pre-selection cut. Therefore, the distributions for various kinematical variables of the leptons 
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FIG. 8: Distribution of pre-selected events in Aif^, assuming va = 55 GcV and L = 10 fb ^ . The bin size 
is 0.2 for the distribution. 

are the same as those presented in the previous subsection. 

The most characteristic feature of the VBF is that the signal event contains two high-pj, jets 
in the forward region. In FIG. El we show the distributions of the signal and background events in 
the difference of the pseudorapidities of the two highest prp jets. Clearly, the signal events tend to 
have large Aif^. Therefore, the forward jet tagging cut in the pseudorapidity difference can reduce 
the background events significantly. 

After the pre-selection cut, we require the following additional selection cuts: 



where the cluster transverse mass Mc(WW) is defined in Eq. ([5]). 

In FIG. m we show the distributions of the pre-selected events in the cluster transverse mass. 
The left and right panels respectively show the results before and after the first three selection 
cuts in Eq. ([9]) are imposed. After the selection cuts, the background events tend to have smaller 
Mc{WW). Therefore, the cut in the cluster transverse mass in Eq. (j9d|) further improves the 
significance. 

The results of the signal/background analysis are given in TABLE IlIII The expected numbers of 
events are scaled for the integrated luminosity of 10 fb^^ for each process. All the pair production, 
the VBF, and the associated production processes are treated as the signal events. For a rela- 
tively heavy doubly charged Higgs boson, the forward jet tagging cut substantially improves the 
significance. Although the significance is reduced by the selection cut for a light doubly charged 
Higgs boson, such a parameter region can be well tested by the analysis presented in the previ- 
ous subsection. A remark on how the significance scales with the triplet VEV is in order. If the 




(9a) 
(9b) 
(9c) 
(9d) 



13 



50.0 



> 

O 
o 



o 

tt 



1.0 - 



'i 300 GeV 
'"l 



1^ 



BGW 
BGEW 
BGQCD 
BG top 



500 GeV 



100 200 300 400 500 600 

Mc(WW) (GeV) 



>■ 5.0 

o 

o 

2.0 



> 1.0 



0.5 



A 



' 1 , 300 GeV 

L 

I 



^ BGW 
g BGEW 

I BG QCD 

BGtop 



200 300 400 

Mc(WW) (GeV) 



FIG. 9: Distributions of preselected events in the cluster transverse mass Mc{WW) before (left) and after 
(right) imposing the cuts in Eq. ([9]). The doubly charged Higgs boson mass to^±± = 150,300,500 GeV. 
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TABLE III: Number of signal and background events left at each stage of cuts, assuming va = 55 GeV and 
L = 10 fb~^ for the LHC running at 8 TeV. More than two jets are required at the prc-selcction. 



signal comes purely from the VBF process, the cross section is proportional to vj^. Therefore, the 
expected significance using forward jet tagging varies linearly with v/\. 



D. Discovery reach 



We now present in FIG.[TO]the required luminosity for a 5-sigma discovery of the doubly charged 
Higgs boson in the W^W^ decay channel with the same-sign dilepton signature in the final state 
as a function of'mjj±±. The left (right) plot shows the required luminosities for two different values 
of f A in the case of 8 TeV (14 TeV) collisions. The kinematical distributions of leptons and jets 
for the 14 TeV case have almost the same shape as the 8 TeV case, differing only in the overall 
magnitude. Thus, one can apply the same analysis as for the 8 TeV case shown in Sec. llVi 

In FIG. [TOl the red dot-dashed curves indicate the required luminosity for the analysis without 
forward jet tagging and f a = 55GeV. In order to optimize the significance, the kinematical cuts 
in Eqs. ([7a|) . ([7b|) and ([7c|) are applied in the low-mass region mfj±± < 200GeV, while those in 
Eqs. ([8a|) . pb|) and ([Sc]) are applied in the high-mass region mH±± > 200GeV. This explains the 
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FIG. 10: The required luminosity for a 5-sigma discovery of H at the LHC as a function of m//±±, where 
the kinematical cuts explained in the previous section are imposed and "Fjet tag" means forward jet tagging. 
The left (right) plot is for the collision energy of 8 TeV (14 TeV). 

kinks in the curves at mjj±± = 200 GeV. 

The green solid curves are for the analysis without forward jet tagging and = 1 GeV, 
assuming the cross sections are scaled as for the VBF and the H^^W^ production processes. 
The case of f a = 1 GeV corresponds to the limit where the VBF and the associated production 
processes become negligible and the pair production processes take over. The required luminosity 
rapidly increases for nifj±± > ISOGeV as the pair production cross sections become too small. 

The blue dashed curves give the required luminosity for the analysis with forward jet tagging 
and VA = 55 GeV. We apply the kinematical cuts in Eqs. ([9a|) . ()9bp . pc]) and ()9dp for mfj±± > 200 
GeV but only Eq. ([9a|) for mfj±± < 200 GeV because the other cuts reduce the signal events in 
this mass region. If we take ua = 1 GeV, the analysis with forward jet tagging does not work since 
the cross section of VBF becomes too small and the luminosity will be out of LHC scope for the 
entire mass region. 

The figures show that the analysis with forward jet tagging is more effective for f a = 55 GeV 
and m^±± > 200 GeV where the VBF becomes dominant. On the other hand, the analysis 
without forward jet tagging is effective for mu±± < 200 GeV since the pair production processes 
are dominant in this region. We thus conclude that the discovery potential for at the LHC is 
promising through the W^W^ mode with the forward jet tagging analysis when V/\ is sufficiently 
large, such as 55 GeV as allowed in the Georgi-Machacek model. The doubly charged Higgs boson 
with a mass of 450 GeV (800 GeV) can be discovered at the LHC with an integrated luminosity 
of 10 fb~^ at 8 TeV (14 TeV). We also find the discovery potential for a hght H^^ is in the scope 
of LHC even if f a ^ 1 GeV where only the pair production processes dominate. The mass of 180 
GeV (190 GeV) can be discovered for an integrated luminosity of 10 fb"^ at 8 TeV (14 TeV). 
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V. CONCLUSIONS AND DISCUSSIONS 



In this paper, we have studied the doubly charged Higgs boson production at the Large Hadron 
CoUider in the Higgs triplet model (HTM) and the Georgi-Machacek model. We focus on the 
scenario in which the decay channel of a pair of weak gauge bosons is dominant for the doubly 
changed Higgs boson due to a large vacuum expectation value (VEV) of the Higgs triplet field. 

In this scenario, the doubly charged Higgs boson is produced via the pair production processes 
pp — )• H^^H and H^^H^, the VBF process pp — )• H^^jj, and the associated production 
process pp — )• H^^W^. We take two benchmark values for the triplet VEV, v^'- 1 GeV and 
55 GeV. The former corresponds to the limit when the pair production processes are dominant, 
whereas the latter is the upper limit of the triplet VEV for mf^±± ~ 0(100 GeV) in the Georgi- 
Machacek model. The pair production rates are independent of the triplet VEV, va- On the other 
hand, the cross sections of the VBF and the associated production are proportional to vj^. The 
VBF production becomes dominant for a heavy doubly charged Higgs boson {mjj±± > 100 GeV) 
when v/\ is sufficiently large. 

Taking v^. = 55 GeV, we present in FIG. [T]the cross sections of various doubly charged Higgs 
boson production processes for the LHC operating at 8 TeV and 14 TeV. We have performed a 
detailed simulation of the signals and the backgrounds at the LHC. Only the distributions for the 
8 TeV collisions are presented because the 14 TeV case has virtually the same distribution shapes, 
differing only in magnitude. In our scenario, the doubly charged Higgs boson decays into a pair of 
same-sign W bosons, each of which further decays into lepton pairs, resulting in a pair of same-sign 
dileptons as the signature of lepton number violation. The W bosons can be off-shell, depending 
on the doubly charged Higgs boson mass. We have carried out the analysis without forward jet 
tagging in both high-mass and low-mass regions separately and discussed the corresponding cuts. 
We have also performed the analysis with forward jet tagging to improve significance in the high- 
mass region where the VBF production mechanism becomes dominant. The significance in these 
analyses is summarized in TABLEs HI HIl and IIIH assuming an integrated luminosity of 10 fb~^. We 
find that the analysis with forward jet tagging is most effective for f a = 55 GeV and mfj±± > 200 
GeV. On the other hand, the analysis without jet tagging is effective for mfj±± < 200 GeV since 
the cross sections of pair production processes are large in this region. 

Finally, we have shown the required luminosity for discovering the doubly charged Higgs boson 
at the 5-sigma level in FIG. llOi The discovery potential for heavy at the LHC is significantly 
large for va = 55 with the forward jet tagging analysis. With an integrated luminosity 10 fb~^, the 
LHC operating at 8 TeV (14 TeV) can reach up to the mass of 450 GeV (800 GeV). The discovery 
potential for light is also in the scope of LHC even if i^a ^ 1 GeV where the only the pair 

production mechanisms contribute. Also assuming L = 10 fb~^, the LHC running at 8 TeV (14 
TeV) can reach up to the mass of 180 GeV (190 GeV). 
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